Correlations between Tl and T2 relaxation times and water and electrolyte content in the normal and ischemic rat and gerbil brains were studied by means of both nuclear magnetic resonance (NMR) spectroscopic and imaging methods. In the spectroscopic experiment on excised rat brains, Tl was linearly dependent on tissue water content and T2 was prolonged in edematous tissue to a greater extent than expected by an increase in water content, showing that T2 possesses a greater sensi tivity for edema identification and localization. Changes in Na + and K + content of the tissue mattered little in the prolongation of relaxation times. Serial NMR imaging of gerbil brains insulted with permanent hemispheric isch-Proton nuclear magnetic resonance (NMR) imaging enables sensitive detection of cerebral ischemia within several hours after the onset of dis ease (Buonanno et aI. , 1983; Mano et aI. , 1983; Spetzler et aI. , 1983). T1 (spin-lattice) and T2 (spin-spin) relaxation times are prolonged in isch emic tissue, and the degree of damage and extent of injury can be pictorialized by NMR imaging. Pro longation of relaxation times is considered to be a result of the development of brain edema (Go and Edzes, 1975; Naruse et aI. , 1982). However, the contrast of the NMR image is arbitrarily controlled by the pulse sequence used. As a consequence, the 212 emia offered early lesion detection in TJ-and especially T2-weighted images (detection as soon as 30 min after insult). The progressive nature of lesions was also imaged. Calculated TJ and T2 relaxation times in regions of interest correlated excellently with tissue water con tent (r = 0.892 and 0.744 for T 1 and T2, respectively). As a result, detection of cerebral ischemia utilizing NMR imaging was strongly dependent on a change in tissue water content. The different nature of Tl and T2 relax ation times was also observed.
Summary: Correlations between Tl and T2 relaxation times and water and electrolyte content in the normal and ischemic rat and gerbil brains were studied by means of both nuclear magnetic resonance (NMR) spectroscopic and imaging methods. In the spectroscopic experiment on excised rat brains, Tl was linearly dependent on tissue water content and T2 was prolonged in edematous tissue to a greater extent than expected by an increase in water content, showing that T2 possesses a greater sensi tivity for edema identification and localization. Changes in Na + and K + content of the tissue mattered little in the prolongation of relaxation times. Serial NMR imaging of gerbil brains insulted with permanent hemispheric isch-Proton nuclear magnetic resonance (NMR) imaging enables sensitive detection of cerebral ischemia within several hours after the onset of dis ease (Buonanno et aI. , 1983; Mano et aI. , 1983; Spetzler et aI. , 1983) . T1 (spin-lattice) and T2 (spin-spin) relaxation times are prolonged in isch emic tissue, and the degree of damage and extent of injury can be pictorialized by NMR imaging. Pro longation of relaxation times is considered to be a result of the development of brain edema (Go and Edzes, 1975; Naruse et aI. , 1982) . However, the contrast of the NMR image is arbitrarily controlled by the pulse sequence used. As a consequence, the emia offered early lesion detection in TJ-and especially T2-weighted images (detection as soon as 30 min after insult). The progressive nature of lesions was also imaged. Calculated TJ and T2 relaxation times in regions of interest correlated excellently with tissue water con tent (r = 0.892 and 0.744 for T 1 and T2, respectively). As a result, detection of cerebral ischemia utilizing NMR imaging was strongly dependent on a change in tissue water content. The different nature of Tl and T2 relax ation times was also observed. Key Words: Brain edema Cerebral ischemia-Nuclear magnetic resonance imaging -Nuclear magnetic resonance spectroscopy Relaxation times. selection of appropriate pulse sequences is neces sary to highlight pathology (Crooks et aI. , 1982; Wehrli et aI. , 1984) . Therefore, intrinsic NMR pa rameters such as Tl and T2 relaxation times and proton density (PD) are calculated from acquired images to obtain indexes that can express an abso lute degree of tissue damage (Mano et aI. , 1983; Wehrli et aI. , 1984) .
In a previous communication, we reported that proton NMR images of experimental cerebral in farction consistently correspond with retrospective histochemical observations in regard to the degree and extent of brain edema (Kato et aI. , 1985) . To further clarify the mechanisms that cause abnor mality in the NMR phenomenon pertaining to cere bral ischemia, we performed the following experi ments in which, using rat and gerbil brains in exper imental cerebral ischemia, we compared Tl and T2 relaxation times with tissue water and electrolyte content by means of both in vitro spectroscopic and in vivo imaging methods.
MATERIALS AND METHODS

NMR spectroscopic experiment on excised rat brains
Adult male Wistar rats weighing 250-300 g were in sulted with forebrain ischemia by the four-vessel occlu sion method (Pulsinelli and Brierley, 1979) . The vertebral arteries were electrocauterized at the first vertebral level while the animal was under pentobarbital anesthesia. On the following day, the animal was paralyzed and mechan ically ventilated under 70% nitrous oxide. 30% oxygen, and 1 % halothane anesthesia. The right femoral artery was cannulated with PE-50 polyethylene tubing to obtain arterial blood samples and to record blood pressure. Body temperature was maintained at 37 ± 0.5°C by using a heat pad. The common carotid arteries were then oc cluded for 60 min, followed by 60 min of blood flow res toration. Those animals whose electroencephalograms became isoelectric within 30 s after occlusion were se lected for continued use in the experiment. At the end of the experiment, decapitation was performed and each brain was quickly removed; the cortical gray matter, sub cortical white matter. hippocampus, and thalamus were dissected out in a humid glove box. Animals treated as above except for the receiving of an ischemic insult served as controls.
Three groups (n = 4-6) were used for the measure ment of water, Na + and K + content, and T1 and T2 re laxation times. For water and electrolyte content mea surement, brain tissue was frozen in liquid nitrogen im mediately after dissection, weighed at -2SOC, and dried at 100°C, thus calculating water content by the wet-dry method. The sample size was 25-75 mg wet weight. The dried samples were resolved in HN03 and HCl04 and the supernatant was used to determine Na + and K + content by the atomic absorption method (Hitachi Atomic Ab sorption Spectrophotometer 208). For relaxation time measurement, samples were transferred to a sealed glass tube. A T1 or T2 value was determined by the inversion recovery and the modified Carr-Purcell-Meiboom-Gill pulse sequences, respectively. The NMR spectrometer (Hitachi R-90H) was operated at 2.1 tesla (proton reso nant frequency of 90 MHz). Samples were kept at O°C until measurement, and were then measured at 35°C. All procedures were completed within at most 2 h after death. Intergroup difference was statistically measured by means of the Student t test for unpaired samples.
NMR imaging experiment on ischemic gerbil brains
Adult mongolian gerbils of both sexes weighing 60-80 g were anesthetized by ether and the right common carotid artery was occluded. Experimental protocol was applied only to those animals that exhibited definite hemiparesis such as abnormal limb posture, loss of righting reflex, circling behavior, etc., within a 5-min observation period (n = 4). Serial NMR scanning was performed under pen tobarbital anesthesia at three points during the ischemic period, i.e., at from 30 to 60 min after occlusion of the carotid artery, at �2 h, and again after �4 h. Two normal gerbils were imaged as controls. After completion of the imaging, brains were frozen in situ with liquid nitrogen by the transcalvarial freezing technique (Ponten et aI., 1973) . From the coronal plane corresponding to the imaged level, sections 16 J-Lm thick were cut using a cryostat. These were for use in histochemical studies, i.e., ATP bioluminescence (Kogure et aI., 1980) and potassium staining (Mies et aI., 1984) so as to histochemically iden-tify the area of ischemia. The rest of each block was di vided into cortex, hippocampus, and thalamus (� 1O mg wet weight) to determine water content by the wet-dry method and the electrolyte content by the atomic absorp tion method, as described in the preceding section.
The NMR miniimager (Central Research Laboratory, Hitachi Ltd., Tokyo, Japan) consisted of a supercon ducting magnet operating at 0.5 tesla (proton resonant frequency of 21.3 MHz). Coronal scans 5 mm thick at the thalamus level were performed. The following three modes of pulse sequences were employed: (a) PD weighted saturation recovery (SR) images (TR = 1.6 s, TE' = 14 ms); (b) T1-weighted inversion recovery (IR) images (TR = 1.6 s, TI = 300 ms, TE' = 14 ms); and (c) T2-weighted spin echo (SE) images (TR = 1.6 s, TE = 106 ms). The definitions of abbreviations are as follow (as defined by the American College of Radiology): TR, time of repetition; TI, Tl-weighting time or the time of inver sion; TE, T2-weighting time or the time to echo. In modes (a) and (b), signals were collected as SEs (TE' = 14 ms). Each scanning was completed in 15 min. In actu ality, in the first set of imagings, SE, IR, and SR pictures were scanned, for example, from between 25-40, 40 -55, and 55 -70 min after ischemia, respectively. Increased signal intensity of the image (brightness) corresponded to increased PD and prolonged Tl and/or T2 relaxation times. T1 and T2 values in regions of interest were calcu lated by the pixel-to-pixel computation applying the fol lowing equations:
in which I(SR), I(IR), and leSE) denote signal intensity in SR, IR, and SE images, respectively. Mean values of 25 pixels with a standard deviation were obtained.
RESULTS
NMR spectroscopic experiment on excised rat brains
The physiological parameters prior to and at the end of ischemia and at the end of reperfusion were as shown in Table I . The ischemic insult (60 min ischemia plus 60 min reperfusion) to produce max imal edema was so severe that some of the animals could not maintain normal blood pressure. The pathophysiology of the Pulsinelli model revealed in our laboratory will be discussed elsewhere (Izu miyama et aI., 1983; M. Izumiyama et aI., in prepa ration).
In intact rat brains, TI and T2 relaxation times of gray matter and the hippocampus were longer than those of white matter and the thalamus ( Table 2) .
The difference between them was greater for TI (15.5-24.5%) than for T2 (3.5-7.1%) ( Table 3) . The difference in water content was 4.7-7.0%. In the ischemia-loaded rat brain, T1 and T2 values of all parts of the brain were significantly prolonged, coinciding with the increase in water content ( Table  TABLE 1 Values are means ± SE for six experimental animals.
2). The difference of Tl, T2, or water content be tween gray matter or the hippocampus and white matter or the thalamus of ischemic brains was al most noted. However, differences between normal and ischemic tissue were 7.1 -9.2% for Tl, 8.8-13.0% for T2, and 2.4-3.4% for water content (Table 3) . When T1 and T2 values were plotted against water content as illustrated in Fig. 1 , T 1 was linearly dependent on it. In contrast, T2 values of each brain part independently exhibited prolon gation.
Sodium and potassium content in normal rat brains showed differences between structures (gray matter = hippocampus> thalamus"" white matter)
as well as in water content (Table 2 ). In ischemic tissue, Na + content was increased and, coinciding with this, the K + content was decreased (Table 2) .
Correlation between Na + and water content was recognized but not linear ( Fig. 2) : N a + accumula tion compared with an increase in water content was different between gray matter or the hippo campus and white matter or the thalamus. As a consequence, Tl or T2 was correlated with tissue Na + content, but the slope of change was different between gray matter or the hippocampus and white matter or the thalamus (Fig. 2) . Tissue K + content had no consistent relation with tissue water con tent: K + content was decreased by ischemia in ac cordance with the initial K + content in each region.
This resulted in poor correlations on the whole be tween Tl or T2 and K + content (Fig. 2 ).
NMR imaging of the ischemic gerbil brains
Typical NMR images of a normal gerbil brain are iIIustrated in Fig. 3 The area of ischemia and brain edema was con- firmed in every case by ATP and K + pictures, re spectively; an example is shown in Fig. 5 . Water contents of the cortex, hippocampus, and thalamus are plotted against calculated T 1 and T2 values im mediately before death (Fig. 6) . Correlation be tween them was excellent (r = 0.892 and 0.744 for Tl and T2, respectively). Correlations between TI and T2 relaxation times and water and electrolyte content were similar to those of the spectroscopic study ( Fig. 7) .
DISCUSSION
Energy failure of the brain caused by cerebral ischemia facilitates the development of brain edema " I), as has been previously reported (Go and Edzes, 1975; Naruse et aI., 1982) . In a normal rat brain, the difference of Tl between gray matter or the hippo campus and white matter or the thalamus (15.5-24.5%) was three to four times greater than that of water content (4.7-7.0%). In the case of T2, this Primes denote ischemia. Na t con tent was nonlinearly correlated with water content of the tissue, which resulted in a similar correla tion between Na' content and the T1 or T2 relaxation time. K' con tent showed poor correlation with water content as well as with T1 and T2 relaxation times. enhancement effect was not observed (3.5-7.1% for T2 compared with 4.7-7.0% for water content). Consequently, those four structures were clearly delineated in TI-weighted IR images and, to a lesser degree, in T2-weighted SE images (Fig. 3) . In the PD-weighted SR image, the brain was uni formly imaged, suggesting that only a small per centage difference in water content may not be enough to produce contrast. In the ischemic brain, only a small percentage change in water content (2.4-3.4%) was enhanced to a larger difference in SR rR SE
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Tl (7.1-9.2%) and especially in T2 (8.8-13.0%). Furthermore, Tl was linearly dependent on water content, while the T2 values for normal and isch emic tissues were not solely dependent on a change in water content; an alternative explanation could be that there are separate correlations between each group of data (Fig. 1 ). This may be in accor dance with the results of Naruse et al. (1982) that T 1 was dependent on water content and that T2 in cluded information about the distribution and con tent of water in edematous tissue that had been in-2h 4h
FIG. 4. A typical sequential change in nuclear magnetic resonance pictures obtained from a gerbil brain that had undergone permanent hemispheric ischemia, First abnormality was noted 30 min after occlusion of the carotid in the T2-weighted spin echo (SE) image, The progressive nature of the lesion was also imaged, Affected hemisphere is left in the pictures. SR, satura tion recovery; IR, inversion recovery, Significantly different from 0.5-to I-h values: cp < 0.05, dp < 0.01.
Significantly different from 2-h values: ep < 0.05.
duced by cold injury and triethyl tin intoxication. In their results, the T2 in edematous tissue contained two components. However, in our case, that was not observed (the longest TE was as long as 300-400 ms) and was dealt with as monoexponen tial.
As a result of those two enhancement effects (one is of TI between regions, the other of T2 be tween normal and pathological tissue), normal gray-white difference was more evident in T 1weighted IR images, and depiction of pathology was more sensitive in T2-weighted SE images ( Figs. 3 and 4) .
Tissue Na + content was increased and K + con tent was decreased coinciding with an increase in the water content of the ischemic tissue, as pre viously reported (Hossmann et aI., 1977; Ito et aI., 1979; Schuier and Hossmann, 1980) . In the present study, Na + content was not linearly dependent on water content: Na + accumulation compared with the increase in water content showed a difference between gray matter or the hippocampus and white matter or the thalamus (Fig. 2) . K + content, on the other hand, exhibited a poor correlation with the water content because K + content differed be tween regions. Na + and K + contents correlated well with water content when a single region was concerned. This may be explained by the structural difference of the electrolyte space and suggests that Na + influx and K + efflux may not be the primary factors of water accumulation in ischemic tissue. As a consequence, Na+ content was correlated with T 1 and T2 but was not completely linear; K + content had no correlation with Tl or T2 (Fig. 2) .
In regard to the hydration phenomenon, N a + ions work to increase the ordering of liquid water structure (structure making) and K + ions work to decrease the ordering (structure breaking) (Rangel- et aL, 1983) . Therefore, an increase in N a + content or a decrease in K + is expected to shorten relaxation ti me; this was not the case here, as re sults show in the present study. Our conclusion, therefore, is that the effect of the change in electro lyte content is minor in relation to prolongation of the relaxation ti me in ischemic tissue, and that the correlation between Na + content and T I or T2 re laxation time is secondary to the correlation be tween Na + and water content. .. In the imaging of gerbil brains that had under gone per manent he mispheric ischemia, ischemic le sions were pictorialized in the SE image as early as 30 min after occlusion, and growing contrasts were noted in IR and especially SE images by the serial scanning of animals ( Fig. 4) . As clearly visualized in the images, the increase in signal intensity was significant fro m control in the first scans, i.e., SE images 30 min after ischemia (Table 4 ), in spite of the small size of sa mple nu mber.
Guerra
On the other hand, contrast of the NMR images is strongly dependent on imaging pulse sequence parameters, i.e., TR, TI, and TE (Crooks et aL, 1982; Wehrli et aL, 1984) . As a consequence, calcu lation of relaxation ti me is commonly employed as an index of tissue injury. As illustrated in Table 5 , calculated TI and T2 values were progressively prolonged after ische mia. Statistical significance was observed only 2 and 4 h after ische mia. This may be explained by the small sample number and the noise included in the computation. However, as shown in Fig. 6 , correlation between calculated TI and T2 values immediately before death (and also including those of normal animals) and water con tent of the tissue was excellent (r = 0.892 and 0.744 for TI and T2, respectively). The correlation coeffi cient was greater for T I, as expected by the spec troscopic study. Though computation of a relax ation time using only two images may have con tained so me inaccuracy (Redpath, 1982; Rosen et aL, 1984) , we concluded that al teration of T I and T2 in the acute stage of ischemia and therefore the abnor mality in the NMR images is strongly based on the change in water content or the state of water.
Correlations between Na + or K + content and TI or T2 relaxation times in the imaging study were similar to those of the spectroscopic study, which has already been discussed.
The mechanis ms responsible for the alteration of the relaxation times and the different natures of T I and T2 relaxation times are poorly understood. However, they may in part be explained by the hy pothesis of water-protein interaction. In ischemic tissue, conformational and structural changes of protein molecules due to ischemic injury work as an osmotic agent and absorb the so-called bound water, which in consequence attracts the bulk of free water when some blood flow is provided to the ischemic tissue. This results in the prolongation of relaxation times as well as an increase in water content and the disturbance of electrolytes in the tissue.
In conclusion, proton NMR imaging can depict a dynamic state of water in terms of an early alter ation of Tl and T2 after ischemia. This enables early detection of ischemic lesions in T 1 and T2weighted images. Calculated Tl and T2 values were considered to be in vivo indexes of the dynamic process of water balance, and hence the degree of damage.
